When sound propagates through a medium, it results in pressure fluctuations that change the instantaneous density of the medium. Under such circumstances, the refractive index that characterizes the propagation of light is not constant, but influenced by the acoustic field. This kind of interaction is known as the acousto-optic effect. The formulation of this physical phenomenon into a mathematical problem can be described in terms of the Radon transform, which makes it possible to reconstruct an arbitrary sound field using tomography. The present work derives the fundamental equations governing the acousto-optic effect in air, and demonstrates that it can be measured with a laser Doppler vibrometer in the audible frequency range. The tomographic reconstruction is tested by means of computer simulations and measurements. The main features observed in the simulations are also recognized in the experimental results. The effectiveness of the tomographic reconstruction is further confirmed with representations of the very same sound field measured with a traditional microphone array.
I. INTRODUCTION
The acousto-optic effect has been extensively used to characterize ultrasonic waves in underwater acoustics. [1] [2] [3] [4] [5] [6] [7] In such measurements, the acoustic properties of sound are determined by measuring the small changes of the refractive index that are induced by the pressure fluctuations of the acoustic field. These variations of the refractive index will cause diffraction and changes of the speed of light that influence the propagation of light in amplitude and phase. In practice, in the low ultrasonic frequency range, diffraction effects can be neglected when the acoustic field has small amplitudes. 2, 6, 7 Ultrasonic measurements in air are not commonly based on the acousto-optic effect (although some examples can be found in Refs. 8 and 9) . This is perhaps because ultrasound is highly attenuated in air and because there normally is a significant impedance mismatch between the air and the ultrasonic transducer. 8 These constraints are less severe when using conventional loudspeakers and microphones in the audible frequency range. However, only a few investigations have been reported for audible sound, [10] [11] [12] and they have been concerned with visualization purposes rather than quantification.
The aim of this work is to demonstrate that light can be used as a means to characterize airborne sound in the audible frequency range. First, the physical principles governing the acousto-optic effect are presented. This will show that sound pressure fluctuations are captured in the phase of a light beam that travels through the medium. Next, we describe the measurement procedure used to retrieve the phase of the light as an apparent velocity measured with a laser Doppler vibrometer (LDV). This apparent velocity is interpreted as a projection of the sound field. Several projections in different directions can be used to reconstruct the acoustic field using tomography. The quality of the tomographic reconstruction is finally assessed by means of simulations and experimental results.
II. ACOUSTO-OPTIC TOMOGRAPHY

A. Acousto-optic effect
The phenomenon of sound inherently involves pressure fluctuations that change the density of the medium. Assuming adiabatic conditions, the total pressure p t and the density q of the medium are related by means of the following expression:
where p 0 and q 0 are the pressure and the density under static conditions, and c is the ratio of specific heats. Note that, when sound propagates, p t corresponds to the superposition of the static and the acoustic pressures, that is,
The influence of the density variations on the propagation of light can be determined by combining the mechanical and optical properties of the medium. In 1863, Gladstone and Dale established an empirical relation between the refractive index n and the density q of various liquids where the Gladstone-Dale constant G is an intrinsic feature of the liquid. This relation also holds for air. 15 The most important property of the latter expression is not the exact value of G, but the fact that density and refractive index exhibit a linear relationship. The relation between the refractive index and the acoustic field can be established by combining Eqs. (1) and (2)
where n 0 is the index of refraction under standard atmospheric conditions. As shown in Appendix A, this expression can be approximated by a first order Taylor expansion when the acoustic pressure is much smaller than the static pressure, p ( p 0 ;
Thus, under weak acousto-optic interaction, the variations of the refractive index are proportional to the sound pressure. For ease of reference, a sound pressure of 1 Pa yields an increase of the refractive index of air of about 2 Â 10 À 9 of its value under static conditions.
B. Measurement principle
The understanding of the physical phenomenon governing the acousto-optic effect opens up the possibility of characterizing sound by measuring light that travels through an acoustic field. In this context, light can be regarded as an electromagnetic wave E that satisfies the electromagnetic wave equation
where c 0 corresponds to the speed of light in vacuum. Although this fundamental equation is normally derived for waves propagating through a homogeneous quiescent medium (which is not completely true in the presence of sound), correct solutions can still be obtained when the following condition is fulfilled:
where T corresponds to the oscillation period of the electric field. This is indeed the case for weak acousto-optic interaction (see Appendix B for further details). Under such conditions, the acousto-optic effect modifies the phase of light rather than its amplitude. One can think of it as an electromagnetic wave that travels faster or slower depending on the pressure fluctuations caused by the acoustic field. The light travels slower when the medium is denser (pressure increase) and faster otherwise. These ideas bring up the possibility of using the following expression as a solution to the electromagnetic wave equation in the presence of sound
where x o is the angular frequency of the light, E 0 is a complex number that accounts for the amplitude and the polarization of the light, and / is the phase term that depends on the acousto-optic effect. As demonstrated in Appendix B, the general solution of / resulting from inserting Eq. (7) into the wave equation is
where k 0 is the wave number of light in vacuum, L represents the path followed by the light, and L 0 is the corresponding distance. It is worth noting that in the absence of sound, / ¼ k 0 n 0 L 0 , that is, the classical phase shift of a plane wave propagating in a homogeneous quiescent medium. Equation (8) establishes that the phase of a beam of light that travels through an acoustic field is proportional to the line integral of the sound pressure. This can be exploited as a measurement principle for acoustic measurements, but it requires measuring the phase of the light accurately. An LDV can effectively provide this information. In conventional use, the vibrational velocity of a surface measured by the LDV is proportional to the time derivative of the phase of the light
In the absence of sound (/ ¼ k 0 n 0 L 0 ), the velocity retrieved by an LDV is equal to the rate of change of the distance from the head of the LDV to the reflecting point where the laser is pointed, that is, v(t) ¼ dL 0 /dt. However, an LDV can also measure the acousto-optic effect when the vibrations of the surface that reflects the light back to the LDV are negligible. 17 In such a case, dL 0 /dt % 0 and the acousto-optic effect [the second term on the right hand side of Eq. (8)] dominates in the time derivative of /
C. Sound pressure reconstruction
The line integral of the acoustic pressure can be seen as a projection of the sound field in the direction of propagation of the light. These projections can be described mathematically by means of the Radon transform 
where the coordinates x 0 and y 0 are related to the coordinates x and y by means of the following rotation matrix: This coordinate system transformation is illustrated in Fig. 1 . It is easy to see from Eq. (10) that the Radon transform of the sound field under investigation can be obtained from the apparent velocity of the LDV as follows
Unless assumptions about the symmetry of the sound field are made, the information obtained from a single line scan is, in general, not sufficient to reconstruct the acoustic field. 17 The reconstruction of an arbitrary sound field requires the use of tomography. The sound field is first scanned over a plane, e.g., along a set of parallel lines as indicated in Fig. 1 , and this procedure must then be repeated (synchronously) for a series of angles of h from 0 to 180 . It is not necessary to rotate up to 360 when using a parallel beam scan configuration because the projections obtained for angles h ! 180 are replicas of the scans measured at h -180
. With this procedure, the acoustic field is projected into different directions, and thus, the resulting data set constitutes a well-defined inverse problem that can be solved by means of the inverse Radon transform. The latter can in practice be implemented efficiently by means of the filtered backprojection algorithm, 18 which in a parallel beam scan configuration can be defined as pðx; y; tÞ ¼
wherepðx; y; tÞ denotes the reconstructed sound pressure, and Q(x 0 , h, t) is the so-called "filtered projection"
that is, the convolution of the measured R p (x 0 , h, t) with a filter h(x 0 ) that accounts for both the filtering required to implement the algorithm with a two-dimensional (2D) spatial Fourier transform (Ram-Lak filter) and the windowing imposed in the frequency domain in order to reduce the influence of noise outside of the frequency range of interest (e.g., a Hann or a Cosine window). Note that the phase of the light performs a continuous integration of the sound field, not a discrete summation. However, the data set used in the reconstruction algorithm consists of a finite number of samples. This means that one must either estimate the continuous integrals of the inverse Radon transform with numerical approximations or use the inverse discrete Radon transform. The latter option does not account for the spatial resolution used in the measurements. This biases the amplitude of the reconstructed pressure, but it can easily be corrected by dividing the reconstructed pressure by the spatial resolution. In either case, the quality of the reconstruction depends on the spatial and angular resolutions used to sample the Radon transform of the acoustic field.
III. SIMULATION AND EXPERIMENTAL RESULTS
A. Simulations
The interpretation of the acousto-optic effect as the Radon transform of an acoustic field is analyzed by means of a computer simulation. For clarity's sake, the case of study is a monopole that radiates sound at a frequency of 2 kHz. Figure 2(a) shows the instantaneous spherical sound field emitted by the monopole in a plane at a distance of 12 cm from the point source. Figure 2(b) shows the corresponding Radon transform as a function of x 0 and h. As can be seen, the Radon transform does not change with the angle of rotation h. This is a consequence of the spherical symmetry of the sound field under study, i.e., the integral of the acoustic field leads to the same result independently of h. As mentioned previously, it is only possible in practice to measure a discrete number of points of the Radon transform, and thus, the quality of the reconstruction relies on the separation between the line scans (spatial resolution) and the angular resolution used to rotate the measurement setup in order to scan the sound field in different directions. Figure 3(a) shows the reconstructed sound field when the spatial and angular resolutions are 1 cm and 1 , and Fig. 3(b) corresponds to the spatial and angular resolutions of 4 cm and 10
. As expected, the reconstruction deteriorates when the spatial/angular resolution is coarser, that is, when the number of samples of the Radon transform that are used to compute the inverse transform is reduced.
B. Measurements
For ease of comparison with the simulations presented in Sec. III A, measurements were carried out in an anechoic room of about 1000 m 3 and the sound field was generated by a loudspeaker driven with a pure tone of 2 kHz. The signal emitted by the loudspeaker was synchronized with the data acquisition system, allowing for the reconstruction of the instantaneous sound field. The measuring plane was located 12 cm above the loudspeaker. A picture of the measurement setup with an LDV Type OFV-505 manufactured by Polytec (Waldbronn, Germany) can be seen in Fig. 4(a) . Instead of rotating the LDV together with the reflecting point, the loudspeaker was placed on a turntable allowing the scanning of the sound field in several directions. In this way, the structure where the LDV and the reflecting point were mounted was more stable. The turntable was moved manually in the perpendicular direction of the light beam allowing scanning in parallel lines. Besides, an accelerometer manufactured by Brüel & Kjaer (B&K, Naerum, Denmark) Type 4344 was installed on top of the reflecting point in order to monitor that its acceleration was negligible, and thus, ensuring that the velocity output of the LDV was essentially caused by the acousto-optic effect. The outputs of the LDV and the accelerometer were captured with an external sound card Type HDSPe ExpressCard manufactured by RME (Haimhausen, Germany) that was controlled with a laptop by means of a homemade Matlab program. The measured data was afterwards also analyzed with Matlab. The Radon transform of the acoustic field generated by the loudspeaker was computed from the velocity measured with the LDV according to Eq. (13) . The result obtained when using a spatial resolution of 2 cm and an angular resolution of 10 is depicted in Fig. 4(b) . Similar to the simulation presented in Sec. III A, the pattern of vertical lines exhibited by the Radon transform indicates that the measured Radon transform is fairly independent of h, which means that the reconstructed sound field should be rather rotationally symmetric. The pressure reconstructed after applying the inverse transform is presented in Fig. 5(a) . As expected, the resulting sound field is spherically symmetric and exhibits the periodicities of a 2 kHz pure tone (cf. the simulation results presented in Fig. 3 ). Figure 5 (b) shows the reconstructed field when the spatial and angular resolutions are 4 cm and 10 , that is, with half of the line scans of the previous reconstruction. As observed in the simulations, the result becomes more blurred when decreasing the number of samples of the Radon transform used to reconstruct the sound field.
Finally, complementary measurements were carried out with a microphone array in order to compare the tomographic technique with a more traditional and well-established method. Figure 6(a) shows the planar rectangular microphone array used in this measurement. The array consisted of sixty 1/4 in. microphones (B&K Type 4957) with a spacing of 7.5 cm between the microphones. The measured sound field can be seen in Fig. 6(b) . Despite the use of 60 microphones, the spatial resolution of the sampled sound field (7.5 cm) and the covered area (67.5 Â 37.5 cm 2 ) are not directly comparable to the ones obtained with the tomographic technique. However, the overall amplitudes and pressure distribution are in fairly good agreement with the reconstructed fields shown in Fig. 5 .
IV. DISCUSSION
The figures presented in Sec. III represent a single instant of time of the simulated/measured Radon transforms and the corresponding instantaneous pressure reconstructions. They do not represent an average quantity. In fact, the complete output of the tomographic algorithm is a time series of the sound pressure measured over the area scanned Increasing the number of transducers in order to enhance the spatial resolution of the array tends to aggravate the influence of the array on the quantities measured at high frequencies. A transducer-based correction in form of a frequency response can be applied at a post-processing stage to counterbalance this effect. There are also some transducers that are specifically designed to compensate for it. Nevertheless, the applied correction will only be valid for a certain direction of incident sound, typically axial incidence. Alternatively, one can, for instance, improve the grid resolution of a microphone array (without increasing the number of transducers) by performing synchronous measurements where the array is simply shifted, say, half of the spacing between transducers. In any case, it is necessary to immerse the array into the acoustic field. This is not the case when using the light as a "sensing" element. The spatial resolution is also an important issue when using acousto-optic tomography. In spite of the continuous Radon transform measured with the LDV, only a finite number of line scans are captured for each direction of projection h. Therefore, as in any other discretization problem, aliasing effects may arise if the Nyquist theorem is not fulfilled-the spatial resolution should always be smaller than half the smallest wavelength of interest. Furthermore, it is also recommendable to have roughly as many directions of projection as parallel scans per projection. 18 The available technology for measuring the acoustooptic effect has not been constructed for this purpose. The LDV is a device specially designed to measure mechanical vibrations, and besides, a feasible measurement setup currently requires one to measure the sound field in a synchronous fashion. Nevertheless, the results achieved with such an off-the-shelf technology are quite satisfactory. Further investigations in this field could eventually lead to a new type of optical device capable of measuring sound from the interaction with light in real time. Thus, acousto-optic tomography may have a great potential in acoustical holography and beamforming.
The present work examines the interaction between sound and light as a means to visualize acoustic fields. However, the refractive index, and thus, the propagation of light can also be perturbed by other phenomena, e.g., the presence of flow or temperature gradients. This could limit the number of applications for acousto-optic tomography. Nevertheless, further research needs to be done in this direction and perhaps new acousto-optic techniques will be developed to compensate for these effects.
V. CONCLUSIONS
The interaction between sound and light has been investigated as a means to characterize airborne sound fields in the audible frequency range. Both simulations and measurements show that the acousto-optic effect can be used to reconstruct an acoustic field using tomography. Despite the technological limitations of the measurement setup, the experimental results demonstrate that instantaneous pressure fluctuations of an acoustic field can be captured with an LDV. The apparent velocity caused by the acousto-optic effect can be interpreted as projections of the acoustic field, which can be described mathematically by means of the Radon transform. Scanning the sound field in parallel lines and projecting it in different directions constitute an inverse problem that can be solved by means of the inverse Radon transform. The results show that the quality of the reconstructed sound field depends on the spatial and angular resolutions used during the measurement. Nevertheless, satisfactory results can be obtained without very fine resolution, especially when considering the number of microphones that would be required to map the sound field with a similar spatial resolution. Furthermore, the use of light as a sensing element (instead of a bulk instrument) makes the acousto-optic effect a non-invasive technique. This together with the fact that the tomographic reconstruction does not assume anything about the properties of the acoustic field turns the acousto-optic effect into a very attractive measurement principle for the visualization of sound fields.
